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CRITICAL REVIEW

Emissions from oil and gas operations in the United States and their air quality
implications
David T. Allen

Department of Chemical Engineering, and Center for Energy and Environmental Resources, University of Texas, Austin, TX, USA

ABSTRACT
The energy supply infrastructure in the United States has been changing dramatically over the past
decade. Increased production of oil and natural gas, particularly from shale resources using horizontal
drilling and hydraulic fracturing, made the United States the world’s largest producer of oil and natural
gas in 2014. This review examines air quality impacts, specifically, changes in greenhouse gas, criteria air
pollutant, and air toxics emissions from oil and gas production activities that are a result of these
changes in energy supplies and use. National emission inventories indicate that volatile organic
compound (VOC) and nitrogen oxide (NOx) emissions from oil and gas supply chains in the United
States have been increasing significantly, whereas emission inventories for greenhouse gases have seen
slight declines over the past decade. These emission inventories are based on counts of equipment and
operational activities (activity factors), multiplied by average emission factors, and therefore are subject
to uncertainties in these factors. Although uncertainties associated with activity data and missing
emission source types can be significant,multiple recentmeasurement studies indicate that the greatest
uncertainties are associated with emission factors. In many source categories, small groups of devices or
sites, referred to as super-emitters, contribute a large fraction of emissions. When super-emitters are
accounted for, multiple measurement approaches, at multiple scales, produce similar results for
estimated emissions. Challenges moving forward include identifying super-emitters and reducing
their emission magnitudes. Work done to date suggests that both equipment malfunction and opera-
tional practices can be important. Finally, although most of this review focuses on emissions from
energy supply infrastructures, the regional air quality implications of some coupled energy production
and use scenarios are examined. These case studies suggest that both energy production and use
should be considered in assessing air quality implications of changes in energy infrastructures, and that
impacts are likely to vary among regions.
Implications: The energy supply infrastructure in the United States has been changing dramatically
over the past decade, leading to changes in emissions fromoil and natural gas supply chain sources. In
many source categories along these supply chains, small groups of devices or sites, referred to as
super-emitters, contribute a large fraction of emissions. Effective emission reductions will require
technologies for both identifying super-emitters and reducing their emission magnitudes.
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Introduction

Energy supply infrastructures in the
United States have been changing
dramatically over the past decade.
Increased production of oil, particu-
larly from shale resources, using hor-
izontal drilling and hydraulic
fracturing, made the United States
the world’s largest producer of oil in

2014 (U.S. Energy Information Administration [EIA],
2015a). As shown in Figure 1, the resurgence in U.S.
domestic oil production began in 2008. From 1990 to
2008, oil production had decreased from 2.68 billion
barrels per year to 1.83 billion barrels per year; however,

between 2008 and 2014, oil production increased by 74%
to 3.18 billion barrels per year, a production rate roughly
equivalent to peak U.S. oil production in 1960s and 1970s
(EIA, 2015b; see Figure 1). Some of this increased produc-
tion occurred in existing oil and gas production regions,
but much of it has been associated with shale formations
that had not seen significant prior development, such as
the Bakken Shale in North Dakota and the Eagle Ford
Shale in south Texas. Some mature oil fields, such as the
Permian Basin in Texas, have also seen increased produc-
tion, whereas other mature fields, such as those in Alaska
and California, have seen generally decreased production.
Figure 1 shows changes in oil production, for major oil
producing states, since 1990.
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In contrast to oil production, which was in general
decline in theUnited States between 1990 and 2008, natural
gas production in the United States was relatively constant
between 1990 and 2005. Between 2005 and 2014, however,
combined onshore and offshore natural gas withdrawals
increased by 34% from 23.4 to 31.3 trillion cubic feet (tcf)
per year (EIA, 2015c), making the United States the top
global producer of natural gas. As with oil, there has been a
significant expansion in natural gas production over the
past decade in some regions, whereas other regions have
had production that has been relatively constant. Increased
natural gas production occurred in some regions that had
seen prior oil and natural gas production activity, such as
North Central Texas, and some regions that had not seen
significant recent production activity, such as the

Fayetteville Shale in Arkansas and the Marcellus Shale in
Pennsylvania andWest Virginia. Figure 2 shows changes in
natural gas production, for major natural gas producing
states, since 1990.

Along with the increases in natural gas and oil
production, there have been increases in the production
of natural gas plant liquids (NGPLs; ethane, propane,
and butanes). Over the past decade, production of
NGPLs have almost doubled, from 0.88 tcf in 2005 to
1.61 tcf in 2014 (EIA, 2015c). These production
changes for NGPLs have implications for both energy
use (e.g., propane for heating) and chemical manufac-
turing (e.g., polyethylene from ethane).

These changes in fossil fuel production, superim-
posed on increases in the availability of renewable

Figure 1. Oil production in the United States and by state (EIA, 2015b). (a) Total US production, 1859–present; (b) Texas field
production, 1980–present; (c) North Dakota field production, 1980–present; (d) California field production, 1980–present; (e) Alaska
field production, 1980–present.
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sources of energy, are driving changes in the way
energy is used in the United States. As shown in
Figure 3, increases in the use of renewables and natural
gas have been approximately equal in magnitude over
the past decade and have driven decreases in the use of
oil and coal (EIA, 2015d). Overall, the largest changes
have been in the substitution of natural gas and renew-
ables for coal in electricity generation (EIA, 2015e), the
substitution of biofuels for petroleum use, the replace-
ment of domestic production for oil imports, and the
replacement of NGPLs for petroleum derived naphtha
in chemical manufacturing.

Projecting forward, changes in oil and natural gas
prices will cause changes in oil and gas production in
the United States, but over the long term, the U.S.

Energy Information Administration has projected that
increased domestic production of natural gas, natural
gas plant liquids, and oil will persist for decades, and
that the United States may become a net energy expor-
ter over the next two decades (EIA, 2015f).

Although the availability of abundant, lower-cost, and
domestically sourced oil, natural gas, and NGPLs has had
significant economic benefits, the environmental impacts
associated with increased oil and natural gas production,
particularly production using horizontal drilling and
hydraulic fracturing, have made these activities contro-
versial. Among the environmental consequences of
increased oil and gas production are impacts on land
use, impacts on water use (Nicot and Scanlon, 2012),
water contamination (U.S. Environmental Protection

Figure 2. Natural gas withdrawals (onshore and offshore) in the United States and by state (EIA, 2015c). (a) Total US production,
1935–present; (b) Pennsylvania field production, 1965–present; (c) Arkansas field production, 1965–present; (d) Texas field produc-
tion, 1965–present; (e) Alaska field production, 1965–present.
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Agency [EPA], 2012; Osborn et al., 2011; Vidic et al.,
2013; Rahm and Riha, 2012), criteria air pollutant and
air toxics releases (McKenzie et al., 2012; Litovitz et al.,
2013; Pacsi et al., 2013, 2015), and greenhouse gas emis-
sions (Laurenzi et al., 2013; Miller et al., 2013; Brandt
et al., 2014; Balcombe et al., 2015). Given the potential
scope and magnitude of the economic and industrial
transformations that increased oil and gas production
can lead to, it is important to understand, as thoroughly
as possible, the environmental implications of the trans-
formations. This Critical Review will focus on the air
quality implications of the production, processing, and
distribution of oil and natural gas in the United States. In
addition to reviewing the state of knowledge of emissions
directly from oil and gas production, processing, and
distribution, several case studies will examine the changes
in emissions associated with changes in fuel use that have
accompanied the increase in production. Three types of
air pollutants will be considered: greenhouse gases, photo-
chemical air pollutants and their precursors, and air
toxics; the review will be organized into major sections
on emissions, regional air quality impacts, life cycle
impacts, and potential emission management strategies.

Atmospheric emissions from oil and natural gas
supply chains

Overall magnitudes of atmospheric emissions

Atmospheric emissions from the natural gas and petro-
leum sectors are distributed along oil and natural gas
supply chains, which are mapped in Figures 4 and 5.

The supply chains for petroleum and natural gas in the
United States differ significantly in their features. For
example, the natural gas supply chain relies primarily on
domestic production, with the net of imports and exports
constituting less than 10% of total production in 2014. In
contrast, the petroleum supply chain relies on approxi-
mately equal volumes of domestic production and
imports, despite the recent increase in domestic produc-
tion; the imports can include both crude and refined
products. Because of these differences in the supply
chains, the oil and gas sectors are mapped separately.

As shown in Figure 4, the natural gas supply chain,
delivering gas to end users, consists of five major seg-
ments: (i) production; (ii) gathering; (iii) processing;
(iv) transmission and storage; and (v) distribution.
The boundaries between some of these supply chain
segments are well defined. For example, the transmis-
sion sector provides gas to distribution networks ser-
ving residential, commercial, and small industrial users,
at a well-defined point called a city gate. In contrast, the
boundary between production and gathering is not well
defined. In some locations, gathering operations per-
form some combination of preliminary compression,
dehydration, and treatment of well-head gas (Mitchell
et al., 2015). At other locations, some of that processing
occurs at a well site or at a gas processing facility,
blurring the boundaries between these segments of the
supply chain. In addition, the total volume of material
flowing through various parts of the natural gas supply
chain varies. For example, some natural gas production
yields pipeline quality gas, without the need for addi-
tional gas processing; consequently, the volume of gas

Figure 3. Consumption of energy in the United States, by energy source, since 1949 (EIA, 2015d).
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in the processing sector is only about 60% of the
volume produced. Similarly, some gas flows directly
from regional transmission lines to large users, such

as electricity generating units (power plants), so flow
through the distribution network is less than through
the transmission network.

Figure 4. Natural gas supply chain in the United States (EIA, 2015c); flow data for 2014 are expressed in trillion standard cubic feet
(tcf) of natural gas. Note that some gas is consumed along the supply chain (e.g., consumed in compression) and some is lost or
unaccounted for.

Figure 5. Petroleum supply chain in the United States (EIA, 2015b); flow data for 2014 are expressed in billions of barrels (billion bbl)
of oil and quadrillion (1015) BTU. (*Energy content dependson product type; for example, 1 Quad is equivalent to 0.19-0.21 billion
bbl of refined gasoline,and 0.17-0.18 billion bbl of diesel).
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In contrast to the natural gas network, where the
supply is primarily domestic, in the petroleum supply
chain, more than half of the petroleum used in the
United States is imported. In addition, petroleum proces-
sing facilities are more centralized than gas processing
facilities. In contrast to the roughly 500 gas processing
facilities (EIA, 2015g), located in natural gas production
regions and with a wide range of capacities (EIA, 2015c),
petroleum refining is concentrated in approximately 140,
generally large-capacity, facilities, concentrated in a few
locations (EIA, 2015b). As with the natural gas system,
flows of crude oil and refined products through the pet-
roleum supply chain varies; in this case, the flow varia-
tions are driven by flows of imports. For example, the
total volume of crude oil processed by U.S. refineries in
2014 (3.95 billion barrels) exceeded the total volume of oil
produced domestically (3.18 billion barrels).

Although the natural gas and petroleum supply
chains have distinctive features, they are also

increasingly linked, since many domestic oil wells
now produce both oil and natural gas (associated gas)
and many gas wells produce liquid products (conden-
sate and oil). Although definitions vary, a well with a
rate of oil production greater than 1 barrel per 12,500
standard cubic feet (scf) of gas production is typically
referred to as an oil well. Wells with lower hydrocarbon
liquids production are referred to as gas wells.

Natural gas plant liquids (NGPLs; ethane, propane,
and butanes) are produced at natural gas plants. These
high-volatility hydrocarbons leave the well sites with
the gas product, but are subsequently separated into
individual chemical product streams. Where the
separation (fractionation) occurs varies, in some cases
occurring close to production operations, and in other
cases occurring after transport.

As production of oil and gas in the United States has
increased over the past decade, estimated magnitudes
of emissions of criteria air pollutants, specifically

Table 1. Emissions of criteria pollutants and greenhouse gases from the oil and gas supply chain
Emission parameter VOCs NOx Greenhouse Gases

Emissions from oil and gas sector in
most recent emission inventory

2.77 million tons (2011 NEI; EPA,
2015a)

14.5 million tons (2011 NEI; EPA,
2015a)

226.4 million metric tons CO2e
(2013 GHGEI; EPA, 2015c)

Percentage of total US anthropogenic
emissions accounted for by the oil
and gas sector

16% 4.7% 3.4%

Rate of change of emissions
(2002–2011)

Increased by 400% compared with
decrease of 11% in total
anthropogenic emissions

Increased by 94% compared with
decrease of 40% in total
anthropogenic emissions

Decreased by 5% compared with
decrease of 5% in total
anthropogenic emissions

Figure 6. Oil and gas production compared to emissions of VOCs, NOx, and greenhouse gases from the petroleum and natural gas
supply chains (2002–2011); all data normalized by 2002 levels.
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volatile organic compounds (VOCs) and nitrogen oxi-
des (NOx), reported through the EPA’s National
Emission Inventory (EPA, 2015a), have increased sig-
nificantly, beginning their increase in 2005 (see Table 1
and Figure 6). Between 2005 and 2011, the year of the
most recent National Emission Inventory (version 2),
VOC emissions from petroleum and related industries
reported through the National Emission Inventory
increased by almost 400%, due to both increased activ-
ity and more comprehensive reporting. In 2011, the
2.77 million tons/year of VOC emissions from the
petroleum and related industries sector represented
16% of the 17 million tons per year of total anthropo-
genic VOC emissions in the United States. Estimated
emissions of NOx increased by 94% between 2005 and
2011, for similar reasons, and the sector’s 0.68 million
tons of emissions in 2011 represented 4.7% of the 14.5
million tons of anthropogenic NOx emissions in the
United States.

In contrast to the increasing estimates of emissions
of criteria air pollutants, estimated emissions of green-
house gases, primarily carbon dioxide and methane,
from the oil and natural gas sector have been decreas-
ing over the same period. These contrasting trends for
VOC, NOx, and greenhouse gas emissions are shown in
Figure 6 and Table 1. Greenhouse gas emissions from
the oil and gas sector reported in Figure 6 are on a
carbon dioxide equivalent (CO2e) basis. For carbon
dioxide, emissions in CO2e are equal to the mass of
carbon dioxide emitted. For methane, the CO2e is
based on the mass of methane emitted multiplied by a
Global Warming Potential (GWP). The GWP for a gas
is a measure of the total energy that a gas absorbs in the
atmosphere over a particular period of time (usually
100 years), compared with carbon dioxide. For
methane, the 100-year GWP used in current EPA
greenhouse gas reporting is 25, which means that
methane mass emissions are multiplied by 25 to arrive
at the emissions expressed as CO2e.

In the United States, there are two primary sources
of public information on greenhouse gas emissions
from the oil and natural gas sector. The EPA
Greenhouse Gas Reporting Program (GHGRP) (EPA,
2015b) provides annual estimates of greenhouse gas
emissions from individual oil and gas production and
processing facilities that exceed a threshold quantity of
emissions. A complementary data source is the EPA’s
Greenhouse Gas Emission Inventory (GHGEI) (EPA,
2015c), which provides emission data aggregated by
region, and attempts to account for all sources.
Although somewhat redundant with GHGRP data, the
GHGEI is based on different information and provides
an independent emission estimate. Both sources of

greenhouse gas emission estimates will be used in this
review; the GHGEI will be used in estimating national
totals because it is comprehensive; the GHGRP will be
used in examining the distribution of emissions among
facilities and sources.

The total emissions of greenhouse gas reported
through the EPA GHGEI for 2013 (released in 2015;
EPA, 2015c) for natural gas and petroleum systems was
estimated as 226.4 million metric tons of CO2e, not
including end-user combustion of the fuel products.
This represents 3.4% of the U.S. total for anthropogenic
greenhouse gas emissions (6673 million metric tons
CO2e). This is a lower percentage than the fraction of
anthropogenic VOC emissions accounted for by the oil
and natural gas sector (17%), but is comparable to the
fraction of total anthropogenic NOx emissions
accounted for by the sector (4.7%). To better under-
stand these distributions in emissions, it is useful to
further characterize the emissions by source category.

Greenhouse gas emission estimates can be categor-
ized by facility type and source category using the EPA
GHGRP. As shown in Table 2, the EPA GHGRP for
2013 (released in 2015; EPA, 2015b) reports a total of
224 million metric tons of CO2e, which is within 1% of
the 226 million tons of emissions reported through the
EPA GHGEI. Emissions reported through the GHGRP
are dominated by the onshore production, natural gas
processing, and natural gas transmission portions of the

Table 2. 2013 reported greenhouse gas emissions by industry
segment (EPA, 2015d)

Industry
Segment

Number
of

Facilities

Emissions (Million
Metric Tons

CO2e)

Percentage of Emissions
Due to Methane (as

CO2e)

Onshore
production

503 95 52%

Offshore
production

107 6 17%

Natural gas
processing

433 59 7%

Natural gas
transmission

487 23 22%

Underground
natural gas
storage

48 1

Natural gas
distribution

173 15 100%

LNG import/
export

8 <1

LNG storage 5 <1
Other oil and
gas
combustion

415 25 0%

Total 2164 224 33%

Notes: Total number of facilities is smaller than the sum of facilities from
each segment because some facilities reported under multiple segments.
A facility is included in the count of number of facilities if it reported
emissions (even if the reported emissions were zero) under a given
segment; in addition, facilities may include multiple individual sites; for
example, a single company’s report for a production region can consist of
many well sites.
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oil and gas supply chains. Approximately a third of the
greenhouse gas emissions (on a CO2e basis) are due to
methane, and most of the methane emissions are attrib-
uted to production operations. The emissions can be
further disaggregated to specific sources, as shown in
Table 3. The reductions reported in greenhouse gas
emissions over the past decade, as contrasted with the
increases in VOC and NOx emissions, can be attributed
in large part to decreases in emissions of methane,
especially in production operations. For example, emis-
sion reductions from just two production source types,
well completions and liquid unloadings (described in
more detail later in this review), accounted for approxi-
mately 800 kilotons of methane emission reductions, or
approximately 20 million metric tons of CO2e (EPA,
2015c).

Many of the source categories shown as important
for greenhouse gases, shown in Table 3, will be less
important or negligible for VOCs and NOx. To under-
stand differences in source categories and the differ-
ences in national trends for emissions (Figure 6), it is
useful to consider case studies of specific production
regions. This review will use data from the Barnett
Shale and Eagle Ford Shale oil and gas production
regions in Texas as case studies.

Overall magnitudes of emissions: Case studies of
individual production regions

The Barnett Shale oil and gas production region in
North Central Texas has seen natural gas production

grow from 0.11 billion cubic feet per day (bcf/day) in
2000, to over 5 bcf/day in 2011 (Medlock, 2012; Texas
Railroad Commission, 2015). In 2011, production from
the Barnett Shale represented approximately 7% of the
70 bcf/day of total natural gas withdrawals in the
United States, making the Barnett Shale one of the
largest natural gas production regions in the United
States. The production region includes 24 counties
north and west of Fort Worth, with a total of more
than 20,000 producing oil and gas wells (Texas
Commission on Environmental Quality [TCEQ],
2012). Although new wells continue to be drilled, the
field as a whole has likely reached its peak rate of
natural gas production (University of Texas Bureau of
Economic Geology [UT BEG], 2013), and production
fell from 5.7 bcf/day in 2011 to 4.4 bcf/day in 2015
(Texas Railroad Commission, 2015). Production is
expected to continue over the next several decades,
eventually totaling approximately 50 trillion scf (UT
BEG, 2013).

The Eagle Ford Shale oil and gas production region
in south Texas has seen rapid development since 2008.
Natural gas production in the Eagle Ford Shale
increased from 0.002 bcf/day in 2008, to more than 7
bcf/day in 2015 (EIA, 2015h). In addition to natural
gas, many of the wells in the region produce significant
quantities of NGPLs and oil. The Eagle Ford Shale
extends, northeast to southwest, over hundreds of kilo-
meters from near San Antonio to south of the Mexican
border.

Criteria air pollutant emissions for the Barnett
and Eagle Ford shales provide similarities and con-
trasts, due to differences in the stage of development
of the two production regions. VOC emission inven-
tories in both regions are dominated by emissions
from tanks; these emissions are associated with the
production of liquid hydrocarbon products. In con-
trast, NOx emissions in the Eagle Ford have signifi-
cant components associated with both preproduction
(e.g., drilling and hydraulic fracturing) and produc-
tion activities. The distinction between preproduc-
tion and production sources is important because
preproduction emissions occur only during the first
few months of a well’s 20–30-year life cycle. NOx

emissions from engines used in drilling and hydrau-
lic fracturing dominate the preproduction emissions.
Figure 7 shows estimated emissions of VOCs, CO,
and NOx, for the Eagle Ford Shale in 2012, a period
when new well development was extensive (Alamo
Area Council of Governments [AACOG], 2013;
Pacsi et al., 2015); preproduction sources accounted
for 45% of NOx, 1% of VOCs, and 11% of CO
emissions.

Table 3. 2013 reported greenhouse gas emissions by source
type (EPA, 2015d)

Source
Emissions (Million
Metric Tons CO2e)

Emissions Due to Methane
(Million Metric Tons CO2e)

Pneumatic devices 25 25
Acid gas removal
units

13 0

Associated gas
venting and
flaring

12 2

Equipment leaks 10 10
Distribution mains 9 9
Other flare stacks 8 1
Atmospheric tanks 4 2
Liquids unloading 4 4
Distribution services 4 4
Reciprocating
compressors

4 4

Pneumatic pumps 3 3
Gas well completions
and workovers

3 2

Blowdown vents 2 2
Offshore sources
Centrifugal
compressors

1 1

Dehydrators 2 2
Distribution stations 1 1
Well testing 1 0
Total 106 72
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Estimated greenhouse gas emissions show a different
pattern of sources than either VOCs or NOx. As shown
in Table 3, the largest single source of greenhouse gas
emissions along the oil and gas supply chains is esti-
mated to be natural gas venting from pneumatic con-
trollers. Pneumatic controllers use gas pressure to
control the operation of mechanical devices, such as
valves, and either continuously or intermittently emit
gas. When natural gas produced at a site is used as the
high-pressure gas supply for a controller, venting of
methane, ethane, and smaller amounts of VOCs result
from controller operation. Thus, this largest source of
greenhouse gas emissions along the natural gas and
petroleum supply chains is often (but not always) a
moderate source of VOCs and is not a source of NOx.
Similarly, the largest source of VOC emissions in the
Barnett Shale and Eagle Ford Shale oil and gas produc-
tion regions (see Figure 7 and Table 4), hydrocarbon
storage tanks, is a relatively small source of greenhouse
gas emissions (when systems are operating correctly)
and is not a source of NOx. Tanks, particularly well site
hydrocarbon storage tanks, are not a dominant source
of greenhouse gas (methane) emissions because the
amount of methane that can be emitted by a properly
operating tank is limited to the methane dissolved in
the hydrocarbon liquids sent to tanks. Dissolved
methane will rapidly flash from a tank operating at
ambient conditions; in contrast, moderately volatile
hydrocarbons will be emitted from a tank nearly con-
tinuously, driven by changes in tank level and diurnal
temperature variations. Not all production regions have
the same emission patterns, however. Also shown in

Table 4 are VOC emissions reported for production
regions in Oklahoma (Gibbs, 2015), where pneumatic
controllers are estimated to be the largest VOC source.
A qualitative comparison of dominant sources of
VOCs, NOx, and greenhouse gases (largely methane)
is provided in Table 5. Given these varied sources of
emissions, it is not surprising that overall trends in
emissions for greenhouse gases, VOCs, and NOx

(Figure 6) can be quite different.

Spatial and temporal variability in emissions

Temporal variability in emissions
The most commonly used VOC, NOx, and greenhouse gas
emission inventories for the petroleum and natural gas
sectors (EPA, 2015a, 2015b, 2015c) report annual emission
rates. This annual reporting can mask significant temporal
variability in emissions. The NOx emissions reported in
Figure 7, segregated into preproduction and production
emissions, are an example of temporal variations driven
by the life cycle of a well. In this case, NOx emissions due to
energy consumption in drilling and hydraulic fracturing of
wells is a significant contributor to NOx emissions in a
rapidly expanding oil and gas production region, the

Figure 7. Source categories of estimated emissions of NOx,
VOCs, and CO, in 2012, from oil and gas production sources
in the 25 counties of the Eagle Ford shale (Pacsi et al., 2015).

Table 4. Percentage of total VOC emissions by source type, as
reported in the Barnett Shale (Zavala et al., 2014) and in
Oklahoma (Gibbs, 2015)
Source Type Barnett Shale Oklahoma

Condensate and oil tanks 54.9% + 1.2% 20.3%
Fugitives 20.6%* 14.2%
Pneumatic devices and pumps * 44.1%
Liquids unloading 9.0%
Without source type 8.1%
Water tank 6.8%
Engine 3.9% 0.4%
Loading 2.7% 2.1%
Separator 0.8%
Vent 0.4%
Glycol dehydrator 0.4% 2.5%
Degassing 4.8%
Compressors 0.6%
Associated gas 0.6%
Flare 0.1%
Fracturing and completions <0.1% 1.0%
Amine unit <0.1%
Heater <0.1%
Boiler <0.1%
Other <0.1%

Notes: *Pneumatic devices may be included in fugitives in the Barnett Shale
data, but are likely underrepresented, as described in Zavala et al. (2014).

Table 5. Major sources of inventoried emissions for greenhouse
gases, VOCs, and NOx

Greenhouse Gases VOCs NOx

Pneumatic controllers,
pumps Gas treatment
Flaring Compressors
Leaks Liquid
unloadings

Tanks, loading operations
Leaks Pneumatic
controllers, pumps
Engine operations

Drilling and
fracturing
Compression
Process heaters

Notes: *Source strengths can vary over time and from region to region.
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Eagle Ford Shale in south Texas. These preproduction
emissions are smaller in the Barnett Shale oil and gas
production region in North Central Texas, where the rate
of newwell drilling and fracturing is not as rapid. Similarly,
for VOCs and greenhouse gases, there are activities that
occur early and late in awell’s life cycle, which can influence
which sources are important in estimating emissions.
Completion flowbacks, which occur after a well has been
fractured and clear a well of fracturing fluid to enable
production, can be significant contributors to VOC and
greenhouse gas emissions in regions where new wells are
being added. Emissions of VOCs and greenhouse gases
from liquid unloadings can be significant in more mature
production regions. Liquid unloadings clear liquids that
can accumulate in a well bore during production; liquid
unloadings can, in some operations, lead to venting of
produced gas. These emissions can be a large fraction of
total greenhouse gas andVOC emissions in regions such as
the San Juan Basin in the Four Corners region, where large
numbers of mature wells with relatively low pressure and
high liquids production are in operation. This temporal
variability in emissions can also lead to spatial variability
in emissions as fields age. Figure 8 shows a mapping of
emissions from liquid unloadings, illustrating a regional
concentration in emissions in the relatively mature San
Juan production region in the Four Corners area (Pacsi
and Harrison, 2015).

Changes in the types of operational activities, and emis-
sions, occurring in oil and gas production regions, change
over time scales of months to years. Some temporal emis-
sion variability occurs over much shorter time scales, how-
ever. In some cases, emissions can change over time periods
as short as minutes. Some short-duration events occur by
design. For example, liquid unloadings can last for periods
as short as a few minutes, yet during that period have
emission rates equivalent to a thousand or more wells in
routine operation (Allen et al., 2015b). Emissions can also
be due to unplanned events. One prominent recent

example of a large unplanned emission event is the well
blowout in a natural gas storage facility in California. This
large leak had emissions that reached a peak of 60 metric
tons of methane per hour (Conley et al., 2016), a methane
emission rate, from a single point, that is roughly equivalent
to the routine emissions from tens of thousands of wells in
the Barnett Shale (Lyon et al., 2015; Zavala et al., 2015c).
This leak persisted for several months and is estimated to
have released 97,100 metric tons of methane (97.1 Gg; 2.4
million metric tons of CO2e); an amount equivalent to 1%
of the annual emissions from the oil and natural gas supply
chains (Conley et al., 2016).

Data are sparse on the frequency and magnitude of
unplanned releases; however, one source of data is an
emission event reporting system for major downstream
emission sources maintained by the State of Texas
(TCEQ, 2015a). Murphy and Allen (2005) reported that
individual VOC emission events from refineries and che-
mical manufacturing facilities in the Houston-Galveston
region, reported through the State of Texas database, can
exceed 10,000 lb/hr, a rate equivalent to the annual aver-
age rate of VOC emissions from the thousands of indivi-
dual industrial sources in the entire region. A time series
for the first year of operation of the emission event
reporting system is shown in Figure 9. Although these
short-lived events represented less than 10% of total
annual VOC emissions from refining and chemical man-
ufacturing in the Houston-Galveston region, during the
periods when they occur, they can dominate total emis-
sions and atmospheric photochemistry (Webster et al.,
2007; Vizuete et al., 2008).

Spatial variability in emissions
Spatial variability in emissions from oil and natural
gas supply chains can occur for a variety of reasons,
including the reservoir characteristics of a production
region, the types of activities being performed in a
region, the nature of the oil, gas, and liquids being

Figure 8. Spatial variability in liquid unloading emission rates (Pacsi and Harrison, 2015).
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produced, processed, and transported, the emission
regulations in place in a region, and other factors.
As an example of variability in emissions between
basins, using aircraft measurements, Peischl et al.
(2015) have reported very different methane emission
rates in different natural gas production regions, ran-
ging from a low of 0.18–0.41% of gas production in
the northeast Marcellus Shale (Pennsylvania) to rates
of 1.0–2.1% in the Haynesville Shale (East Texas) and
1.0–2.8% in the Fayetteville Shale (Arkansas). Using
the same type of aircraft-based measurements, emis-
sion rates as high as 6.2–11.7% of natural gas produc-
tion have been reported in the Uintah production
region in Utah (Karion et al., 2013). Similarly,
Zavala et al. (2015a), using measurements of emis-
sions from individual pieces of equipment at hun-
dreds of sites throughout the United States, reported
methane emission rates, normalized by rates of nat-
ural gas and oil production, that differed by more
than an order of magnitude across regions. Studies
reporting this interregion emission variability are
summarized in Table 6.

Although a number of studies have identified differ-
ences in emission rates between production regions,
variability in emissions within production regions is
less well recognized. This intraregion variability is largely
driven by differences in the composition of the produced
fluids. As an example, the Barnett Shale oil and gas
production region in North Central Texas has regions
that produce dry gas (no or very limited liquid hydro-
carbons produced) and regions that produce wet gas
(hydrocarbon liquids production). Therefore, different

parts of the production region have different types of
equipment on well sites, leading to different emission
rates and compositions. Figure 10 characterizes the spa-
tial variability by mapping methane to ethane emission
ratios, methane to propane emission ratios, and methane
emissions (Zavala, 2014). Figure 11 shows similar spatial
variability for Oklahoma (Gibbs, 2015).

Overall, national and regional emission inventories
illustrate the complexity of emissions from the petro-
leum and natural gas sector. Major emission sources
differ for VOCs, greenhouse gases, and NOx. The spa-
tial patterns of emissions vary, not only by production
region, but also over length scales as small as a few
kilometers. Emissions also vary over time, with some
variability occurring over months to years, but other
types of variability occurring over minutes to hours.

Comparisons of emission estimates with
measurements

National and regional inventories of emissions from
petroleum and natural gas sources, of the type sum-
marized in Figures 6–11 and Tables 1–5, are based on
emission estimates. Emissions are generally estimated
by multiplying an average emission measurement for a
device (e.g., a pneumatic controller) or operation (e.g.,
a liquid unloading) by the number of times that emis-
sion occurs on the national scale. Generally, the emis-
sion measurement is referred to as an “emission factor”
or EF, and the data used to scale up the emissions are
called the activity factor (AF). Emissions are calcu-
lated as

Figure 9. VOC emission events in the Houston-Galveston region. Data are shown for the first year of reporting by hour (8760 hr in a
year); the horizontal red line shows the level of the annual average VOC emissions from all industrial sources in the Houston-
Galveston region; multiple hours during the year include emission events where releases from a single facility exceed annual average
emissions from all facilities in the region (Murphy and Allen, 2005).
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EFi � AFi ¼ ERi (1)

where EFi is the emission factor for region I; AFi is
the activity factor for region I; and ERi is the resulting
emission rate total for region i.

Emission inventories estimated in this way are often
referred to as “bottom-up” emission estimates, and the

estimates are subject to uncertainties in both activity
factors and emission factors. Recent field studies have
sought to quantify these uncertainties. For example,
Allen et al. (2015a) assessed differences between
observed and inventoried pneumatic controller activity
factors and reported a factor of 2–3 difference between
observed numbers of pneumatic controllers per well

Table 6. Spatial variability in emissions reported in recent methane emission studies
Region
Studied Citation

Method for Measuring Ambient
Concentrations

Normalized Emission Rate or
Comparison with Bottom-Up Inventories

Method Used for Attributing Methane
Emissions

Southwestern
Marcellus

Caulton
et al.,
2014b

Aircraft-based measurements downwind
of production region (but not upwind);
methane measured using high-precision,
high-time-resolution instruments. Some
measurements of single production sites

Observed emission rate, with
uncertainties (0.18–1.2 Tg/yr), found to
be within range of bottom-up inventory

Emissions compared with oil and gas
inventories

Unitah Basin Karion
et al., 2013

Aircraft-based measurements upwind
and downwind of production regions;
methane measured using high-precision,
high-time-resolution instruments,
absorption spectrometry at precise
infrared wavelengths; light alkanes
analyzed from discrete air samples

Emissions (0.48 ± 0.13 Tg/yr) 6.2–11.7%
of natural gas production

Bottom-up inventories for cattle and
gas seepage were subtracted from total
emissions; difference assigned to oil
and gas activity based on methane to
light-alkane ratios

Barnett Shale Karion
et al., 2015

Aircraft-based measurements upwind
and downwind of production regions;
methane measured using high-precision,
high-time-resolution instruments,
absorption spectrometry at precise
infrared wavelengths

Emissions reported as 0.66 ± 0.11 Tg/yr;
reported as 1.5% of gas production by
Zavala et al. (2015c)

See Smith et al. (2015)

Four Corners
region

Kort et al.,
2014

Satellite measurements used with
atmospheric models to infer
concentrations and emission rates of
methane

Emissions reported as 0.59 (0.50–0.67)
Tg/yr; EPA GHGRP estimates cited as
0.33 Tg/yr

Differences between inventories and
inferred emission rates based on
satellite measurements attributed to
“established gas, coal, and coalbed
methane mining and processing”

Los Angeles Peischl
et al., 2013

Aircraft-based measurements of
methane, carbon dioxide (CO2), carbon
monoxide (CO), and C2–C5 alkanes
using high-precision, high-time-
resolution instruments

Emissions from all sources reported as
0.41 ± 0.04 Tg/yr, with 0.032 Tg/yr
assigned to natural gas and 0.19 Tg/yr
assigned to seeps or pipeline gas

Bottom-up inventories of CH4, CO, and
CO2 are used to determine ratios of CO/
CO2, CH4/CO, and CH4/CO2 from the
inventories. The top-down
measurements of the ratios are
compared with the inventories and
missing emissions are inferred

Northeast
Marcellus,
Haynesville,
and
Fayetteville
shales

Peischl
et al., 2015

Aircraft-based measurements upwind
and downwind of production regions;
methane measured using high-precision,
high-time-resolution instruments,
absorption spectrometry at precise
infrared wavelengths

Emissions (percentage of gas
production) 0.18–0.41%, 1.0–2.1%, and
1.0–2.8% in the northeast Marcellus,
Haynesville, and Fayetteville shales (0.11,
0.65, and 0.31 Tg/yr)

Total methane emissions quantified for
each region; emissions from sources
other than oil and gas operations
subtracted from total emissions to
arrive at estimate of emissions from oil
and gas sources

Denver-
Julesburg

Pétron
et al., 2012

Daily samples collected at fixed ground
site (NOAA Boulder Atmospheric
Observatory); methane and light alkanes
analyzed

2.9-7.7% of natural gas production Automobile-based measurements of oil
and gas emissions used to establish
emission rates, which were then
extrapolated to region wide estimates

Denver-
Julesburg

Pétron
et al., 2014

Aircraft-based measurements upwind
and downwind of production regions;
methane measured using high-precision,
high-time-resolution instruments,
absorption spectrometry at precise
infrared wavelengths

Emissions of methane 3 times higher
than GHGRP reports (0.17 ± 0.06 Tg/yr)

Total methane emissions quantified for
each region; emissions from sources
other than oil and gas operations
subtracted from total emissions to
arrive at estimate of emissions from oil
and gas sources

Los Angeles Wennberg
et al., 2012

Aircraft-based measurements of
methane, carbon monoxide (CO), and
ethane

Emissions from all sources reported as
0.44 ± 0.15 Tg/yr

Bottom-up inventories of CH4 and CO
are used to determine ratio of CH4/CO.
The top-down measurements of the
ratio is compared with the inventories
and missing emissions are inferred and
assigned to natural gas systems, based
on methane to ethane ratios and
assuming all ethane is due to natural
gas systems

Multiple U.S.
production
regions

Zavala
et al.,
2015a

Emissions estimated based on bottom-
up equipment measurements

For production only (no gathering,
processing, transmission or distribution);
omissions attributed to natural gas 0.07–
0.60% of production

Counts of equipment per well
multiplied by numbers of wells, and
normalized by production; methane
emissions attributed to multiple
products (natural gas, oil, NGPLs)
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Figure 10. Spatial variability in (a) methane to ethane emission ratios (C1:C2, by mass); (b) methane to propane emission ratios (C1:
C3, by mass); and (c) methane emissions from the Barnett Shale production region in North Central Texas (Zavala, 2014).

Figure 11. Percentage of VOCs in produced gas (and fugitive emissions) in Oklahoma, as documented in permit data.
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(2.7 controllers per well) and the average number of
controllers per well in the U.S. Greenhouse Gas
Emission Inventory (1.0 controllers per well). Similar
results have been reported in a study by the State of
Oklahoma, which found 3.6 pneumatic controllers per
well (Gibbs, 2016).

In addition to uncertainties due to activity data,
differences between observed emission factors and
emission factors used in inventories have also been
reported. Emission factors, based on recent observa-
tions, which are both higher and lower than emission
factors used in inventories, have been reported. For
example, Allen et al. (2013) reported average emissions
per completion flowback that were substantially lower
than average emissions per completion in EPA’s
GHGEI for 2011 (inventory at the time the work was
done). Allen et al. (2013) also reported average emis-
sions per well from leaks that were higher than the EPA
GHGEI for 2011. Similarly, Lamb et al. (2015) reported
emissions for plastic pipes in distribution networks that
were significantly lower than emission factors in cur-
rent use, whereas McKain et al. (2015) reported emis-
sions for the Boston natural gas distribution and use
network that were significantly higher than emission
estimates in current inventories. Moving beyond emis-
sions associated with specific equipment, bottom-up
emission estimates for a region may omit sources
from the inventory, such as abandoned wells or episo-
dic emission events.

To summarize, national and regional emission
inventories estimated using emission factors and activ-
ity factors (bottom-up emission estimates) can have
uncertainties due to inaccurate activity data, inaccurate
emission factors, malfunctioning or improperly oper-
ated equipment, and missing sources. To assess uncer-
tainties, bottom-up national or regional emission
inventories are often compared with measurements
that infer emissions based on ambient concentrations
(Allen, 2014a, 2014b). Atmospheric concentrations of
pollutants measured or inferred from ground, aircraft,
and satellite platforms can be used to infer (using atmo-
spheric models and assumptions) emissions in a region
in a process referred to as a “top-down” analysis. For
example, for aircraft measurements, the difference
between average concentrations of a pollutant upwind
and downwind of a region can be used, with the venti-
lation rate of the region, to estimate regional emissions.
The next section of the Critical Review will summarize
the state of knowledge regarding uncertainties in emis-
sion inventories based on a variety of top-down mea-
surements. Many of the most recent measurements
have focused on greenhouse gas (especially methane)
emissions; therefore, much of the analysis will focus on

methane emissions. However, some data collected over
the past decade suggest that some of the same factors
are important in assessing the uncertainties in criteria
air pollutant emissions, and studies reporting these data
will be briefly summarized.

Differences between top-down and bottom-up
inventories of methane emissions
Recent reviews (Miller et al., 2013; Brandt et al., 2014)
have concluded, based on top-down methane emission
assessments, that bottom-up inventories underesti-
mate or omit sources of methane emissions. For
example, Brandt et al. (2014) report that missing or
underestimated sources of methane emissions in the
U.S. national emission inventory total 14 Tg/yr (7–21
Tg/yr), which is approximately 50% (25–75%) of the
total anthropogenic emissions for the United States.

In general, these differences between emissions
inferred from top-down measurements and emissions
inventoried using bottom-up estimates have been
attributed to missing or underestimated emissions
from oil and gas operations. The methods used to
attribute the missing emissions to oil and gas opera-
tions vary. When top-down studies are performed in a
region in which one source dominates, bottom-up
estimates of other emission sources are sometimes
subtracted from the total emissions to arrive at esti-
mates of the emissions of the dominant emission
source for the region. For example, to obtain methane
emissions from oil and gas production in the
Haynesville, Fayetteville, and Marcellus shale regions,
Peischl et al. (2015) subtracted bottom-up methane
emissions from non–oil and gas sources from the
total methane emissions (determined using top-down
methods) for the regions. In other cases, a molecular
tracer is used to attribute methane emissions to a
source that dominates the emissions of that tracer.
For example, ethane is often used as a molecular tracer
for oil and gas emissions, along with the assumption
that ethane is only emitted from oil and gas sources.
Smith et al. (2015) used ethane to methane ratios to
attribute the fraction of the methane emissions in
North Central Texas that are attributable to oil and
gas production activities in the Barnett Shale, assum-
ing that all of the observed ethane emissions were due
to oil and gas operations. Table 6 provides a summary
of the methods used in recent studies to attribute
emissions to sources.

Based on these source attribution approaches, most
top-down studies of methane emissions have concluded
that emissions from petroleum and natural and gas
supply chains are underestimated using bottom-up
methods. To identify the causes of these
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underestimates, a number of field studies have been
performed, and the findings from these recent field
programs are summarized in Table 7. Although uncer-
tainties associated with activity data and missing emis-
sion source types can be significant in some situations
(e.g., counts of pneumatic controllers may have been
underestimated in recent inventories and emissions
from abandoned wells are not included in most inven-
tories), the dominant finding emerging from most
recent studies has been that a small group of sources
contributes a large fraction of emissions. Collectively,
these sources have been referred to as “super-emitters.”

The concept of a “super-emitter” classification in
emission inventories is not new. It has been known
for decades that roughly 10% of the passenger car
fleet in the United States contributes roughly 50% of
all on-road emissions (Stedman, 1989; National
Research Council, 2001). The situation for many source
types in the petroleum and natural gas supply chains is
analogous. For example, the EPA reports that approxi-
mately 50,000 wells in the United States vent during
liquid unloadings, resulting in 259 Gg/yr of methane
emissions (EPA, 2015c). A small fraction of these vent-
ing wells, perhaps 3–5%, likely accounts for half of
unloading emissions (Allen et al., 2015b). Similarly,
multiple studies (Prasino 2013; Allen et al., 2015a;
Gibbs, 2015) have found that a small subpopulation of
pneumatic controllers (the largest source of greenhouse
gases in the petroleum and natural gas supply chains)
dominates emissions. Allen et al. (2015a), for example,
estimated that 20% of pneumatic controllers in a
national sampling of natural gas sites account for 95%
of pneumatic controller emissions, and Gibbs (2015)
found that 3.5% of controllers accounted for 73% of
controller emissions at sites sampled in Oklahoma.

A significant issue, which has not yet been comple-
tely resolved, is why sources are or become super-
emitters. Again, analogies with vehicle emissions can
provide some insights. Large numbers of vehicle tests
have revealed that although there are some vehicles
that are more likely than others to become “super-
emitters,” the way in which a vehicle is operated and
maintained often plays a critical role (National
Research Council, 2001). Similarly, in the petroleum
and natural gas supply chains, there are some sources
that are more likely than others to become super-
emitters, but operational practices also play a role.
For example, in the source category of liquid unload-
ings, mature wells with low reservoir pressure and
high rates of liquids production are more likely to
have high unloading emissions, leading to a geogra-
phical concentration of unloading emissions (see
Figure 8). In contrast, high emissions from pneumatic

controllers and compressors (Allen et al., 2015a;
Harrison et al., 2011) have been attributed to devices
not operating as designed, and are distributed
throughout the United States, and may be reduced or
eliminated by equipment repair or replacement.

Another way in which super-emitters have been
defined is facility or site based, rather than equipment
based. Ground-level measurements, made downwind
of petroleum and natural gas supply chain sites, have
been made using a variety of techniques designed to
infer emission rates from ambient concentrations. A
procedure that enables some of the most precise mea-
surements is generally referred to as a tracer technique
(Lamb et al., 1995; Shorter et al., 1997; Kolb et al.,
2004; Herndon et al., 2005, 2013; Allen et al., 2013). In
this method, tracer compounds (e.g., SF6, N2O, C2H2)
are released at a known rate at or near an emission
source; downwind measurements of the target pollu-
tant (minus background) and the tracers (minus back-
ground) are equal to the ratio of emission rates, if the
dispersion of the target pollutant and the tracer are
identical. Target pollutant emissions are estimated by
multiplying the known emission rate of the tracer by
the concentration ratio of the target pollutant to the
tracer. If two tracers are used, the assumption of
equivalent dispersion can be quantitatively tested.
Tracer studies have pointed to a skewed distribution
of emissions among sites, with a small number of sites
accounting for a large fraction of emissions. However,
these distributions must be interpreted carefully. The
amount of equipment and throughput, and therefore
the potential emission sources, on sites vary. For
example, in a study by the City of Fort Worth
(Eastern Research Group, 2011), which reports on
emissions from 375 well sites in the Barnett Shale
production region (sites were randomly selected from
the well sites that were within the city of Fort Worth),
30% of the sites had 1 well, 63% had between 2 and 6
wells, and one site had 13 wells. Similarly, whereas
78% of the sites had between 1 and 4 tanks, 16% had
more than 4 tanks, and one site had 20 tanks. The
potential sources of fugitive emissions, such as valves
and flanges, varied by an order of magnitude or more
between sites. Ten percent of the sites had less than 62
valves, but 10% had more than 446 valves. Ten per-
cent of the sites had 390 or less connectors (such as
flanges), but 10% had more than 3571 (Eastern
Research Group, 2011). Because of this heterogeneity
in the equipment among sites, simple comparisons of
emissions among sites, without adjustments for equip-
ment counts or throughput on sites, should be viewed
with caution. Nevertheless, it is possible to define
super-emitting sites. One approach is to normalize

JOURNAL OF THE AIR & WASTE MANAGEMENT ASSOCIATION 563



emissions by site size or throughput. For example,
Mitchell et al. (2015) made measurements downwind
of natural gas gathering and processing facilities and
normalized methane emissions by total gas throughput
at the sites. Across all sites, emissions averaged 0.20%
of throughput for gathering facilities; however, some
facilities had emissions that were in excess of 10% of
gas throughput, and 30% of the facilities accounted for
80% of the emissions. Zavala et al. (2015b) analyzed
data taken downwind of natural gas supply chain sites
in the Barnett Shale region and defined a functional
super-emitting site as those with the highest

proportional loss rates (methane emitted relative to
methane produced or methane throughput). Using
this definition, Zavala et al. reported that 77% of the
methane emissions were accounted for by the 15% of
the sites with the highest normalized emissions.

Super-emitters can play an important role in recon-
ciling top-down and bottom-up methane emission
inventories, as illustrated by analyses performed in the
Barnett Shale oil and gas production region. In 2013, a
large number of investigators performed coordinated
aircraft and vehicular measurements of methane emis-
sions in the Barnett Shale oil and gas production

Table 7. Measurement studies assessing accuracy of bottom-up emission inventories in the natural gas supply chain
Geographical
Region
Sampled Devices Sampled Activity Factor Emission Factor High-Emitting Subpopulations Reference

Natural gas production sites
U.S. National
sample

Well completions,
unloadings, leaks,
pneumatic pumps
and controllers

Emission factors for leaks and
pneumatic controllers higher than in
EPA GHGEI; emission factors for well
completions lower than in GHGEI

Observed for unloadings, pneumatic
controllers

Allen et al.,
2013

British
Columbia

Pneumatic
controllers

Emissions reported separately for
individual manufacturers; only high
bleed controllers targeted Emissions
averages similar to those for Allen et al.
(2015a) for similar applications

Only high-bleed controllers targeted Prasino, 2013

U.S. National
sample

Pneumatic
controllers

2.7 controllers
per well
(compared
with 1.0 in EPA
GHGEI)

Emissions per controller 17% higher
than average in GHGEI (5.5 scf/hr whole
gas, 4.9 scf/hr methane)

19% of controllers accounted for 95% of
national emissions from pneumatic
controllers

Allen et al.,
2015a

Oklahoma Pneumatic
controllers

3.6 controllers
per well
(compared
with 1.0 in EPA
GHGEI)

Emissions averaged 1.05 scf/hr whole
gas for all devices

3.5% of controllers accounted for 73%
of controller emissions

Gibbs, 2015

U.S. national
sample

Liquid unloadings Unloading
events

Average emissions equivalent to those
reported in EPA GHGEI

2–3% of wells account for more than
half of national unloading emissions

Allen et al.,
2015b

Marcellus
Shale

Flare Very high combustion efficiencies
(>99.5%) for a single well completion
flare; bottom-up inventories generally
assume 98% efficiency

Allen et al.,
2013

Marcellus
Shale,
Bakken
Shale

Flares All flares were >99.80% efficient at the
25% quartile; bottom-up inventories
generally assume 98% efficiency

Caulton et al.,
2014a

Natural gas gathering and processing operations
U.S. National
sample

Downwind sampling
of sites

Emissions averaged 0.20% of
throughput for gathering facilities and
0.075% for processing facilities

Some gathering facilities had emissions
that were in excess of 10% of gas
throughput and 30% of gathering
facilities contribute 80% of the total
emissions; all processing facilities had
emissions <1% of throughput

Mitchell et al.,
2015;
Zimmerle
et al., 2015

Natural gas transmission and storage
U.S. National
sample

Downwind sampling
of sites, with on-site
measurements and
emission estimates

Emission factors both higher and lower
than inventory factors observed; largest
emission factor from open ended lines
(measurements >factor of 5 greater
than GHGRP emission factor)

Highest-emitting 10% of sites (including
two super-emitters) contributed 50% of
aggregate methane emissions

Subramanian
et al., 2015

Natural gas distribution, metering and regulating (M&R)
13 urban
distribution
systems

Direct sampling of
emissions

Emissions of 0.10–0.22% of the
methane delivered, equivalent to
36–70% less than the 2011 EPA GHGEI;
emission factors reported for multiple
types of pipes and for M&R facilities,
multiple pressures

Large reductions in emissions from
high-emitting facilities, compared with
measurements made in early 1990s
(Harrison et al., 1996)

Lamb et al.,
2015

Boston Centralized monitors
on tall buildings

2.7 ± 0.6% of natural gas use, also
including urban end-use emissions

McKain et al.,
2015
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region, providing one of the richest data sets available
for comparing top-down emission estimates and bot-
tom-up emission inventories. A top-down estimate of
emissions from oil and gas operations was 60,000 ±
11,000 (79% of total top-down emission estimate),
based on the use of ethane as a tracer for oil and gas
emissions (Karion et al., 2015; Smith et al., 2015). In
contrast, a bottom-up analysis of emissions for the
region (Lyon et al., 2015) led to an estimate of 46,200
kg/hr of methane from oil and gas operations (48,400
kg/hr including other minor geogenic sources), which
is 61–63% of the region’s emissions. When super-emit-
ters were accounted for, however, the top-down and
bottom-up emission estimates converged (Zavala et al.,
2015c).

Differences between top-down and bottom-up
inventories of VOC emissions
Just as Miller et al. (2013), Brandt et al (2014), and
many of the studies summarized in Table 6 found that
top-down estimates of methane emissions in the pet-
roleum and natural gas supply chains were generally
larger than corresponding bottom-up estimates, mul-
tiple studies have reported top-down emission esti-
mates greater than bottom-up inventories for VOCs.
Some of these studies (e.g., Zavala et al., 2014) have
been in oil and natural gas production regions, in
locations analogous to many of the methane emission
studies, but the most extensive studies of VOC emis-
sions from petroleum and natural gas supply chains
have been done in the Houston-Galveston region of
southeast Texas, where petroleum refining and chemi-
cal manufacturing sources are extensive. Beginning
with measurements done in 2000, it had been
observed that ratios of hydrocarbons to NOx in indus-
trial plumes were consistently factors of 2–15, and in
some isolated instances even a factor of 50 or higher,
than the ratios reported in the inventories (Daum
et al., 2001). Ratios of hydrocarbon to NOx, higher
than those in bottom-up emission inventories, were
observed for alkanes, alkenes, and aromatics, but over-
all atmospheric reactivity was dominated by alkenes
(Daum et al., 2003; Ryerson et al., 2003). These find-
ings led to multiple years of efforts to identify the
sources of the missing or underestimated emissions.
In some cases, highly elevated hydrocarbon to NOx

ratios, compared with ratios in the emission inven-
tories, can be due to the types of emission events
reported by Murphy and Allen (2005). These emission
events are generally associated with process start-ups,
process shut-downs, process upsets, and other causes.
In addition to large episodic emission events, contin-
uous or nearly continuous sources of underestimated

emissions have been identified as sources of the dis-
crepancy. For example, most refineries and large che-
mical manufacturing operations have large-capacity
flares designed to combust emergency blowdowns. In
many cases these flares are also used to combust
relatively small flow rates of vent gas (<1% of max-
imum flow) on a continuous or near-continuous basis
(Pavlovic et al., 2012). Large-capacity flares can fail to
achieve desired combustion efficiencies at low flow
rates, depending on operating practices. In full-scale
tests of flare operation, Torres et al. (2012a, 2012b)
found that large-capacity flares, operated at low flow,
have narrow operation ranges (rates of air or steam
assist) in which high combustion efficiency and low
smoke formation are both achieved. If a flare has too
much air or steam assist added to reduce smoke for-
mation (overassisting), uncombusted vent gas emis-
sions may be an order of magnitude or more greater
than the values typically estimated in emission inven-
tories (typically based on an assumed 98–99% com-
bustion efficiency), making some flares super-emitters.

Top-down and bottom-up inventories of NOx

emissions
Top-down approaches are most effectively applied when
the emissions of interest are relatively nonreactive (e.g.,
methane and other alkanes); however, some top-down
assessments have been made of reactive emissions. NOx

emissions have been assessed using satellite measure-
ments of integrated NO2 column concentrations (see
review by Streets et al., 2013). These assessments require
that a chemical transport model be used to transform
emissions into the quantities observed in the measure-
ment (NO2 column concentrations), but the approach has
been widely used to estimate trends in emissions. In a
study focused on eastern Texas, Kimura et al. (2012)
found that NO2 column densities were highest over
urban areas and highway corridors and had decreases
between 2005 and 2010 in reasonable agreement with
changes in ground-based observations. A comparison of
trends between satellite observations and results from
photochemical modeling indicated largest differences in
rural regions, suggesting possible underestimation of
emissions associated with oil and gas activities.
Although uncertainties in these methods remain (e.g.,
refer to review by Streets et al., 2013), NO2 column
retrievals are now widely used to constrain emission
inventories for global and regional modeling (e.g., Tang
et al., 2013, 2015), including emissions from oil and gas
sources; however, the exact approach used in inferring
emissions from the satellite observations (Tang et al.,
2013, 2014) can lead to disparate emission predictions.
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VOC compositions and air toxics

In principle, the same types of tools employed in
greenhouse gas and regional air pollutant assessments
of petroleum and natural gas production can also be
applied to toxic air pollutants. For the segments of the
petroleum and natural gas supply chains that have not
changed significantly in the past decade, such as pet-
roleum refining, air toxics assessments are available
for some pollutants. For example, as part of its eva-
luation of the costs and benefits of the Clean Air Act,
the EPA evaluated the health benefits of reductions in
benzene emissions in Houston expected through
2020, compared with a base case scenario with 1990
emissions. The analysis projected that, due to regula-
tions in the 1990 Clean Air Act Amendments, ben-
zene emissions were expected to be reduced 75% from
1990 levels by 2020 (EPA, 2009). Most of these emis-
sion reductions in the Houston region were expected
to come from point sources, including refineries. The
emission reductions were projected to lead to com-
parable percentage reductions in benzene concentra-
tions. These projections and modeling analyses are
generally consistent with observations. Observed con-
centrations of benzene at one representative site in
the industrial source region in Houston (Clinton
Drive) saw monthly average benzene concentrations
for July (a relatively hot month when benzene eva-
poration rates from tanks and other liquid sources
would be expected to be high) drop from 0.78 ppbv
in 2000 to 0.15 ppbv in 2015 (TCEQ, 2015b). Similar
data are available for other industrial regions with
significant refinery operations in Corpus Christi and
other parts of Houston (TCEQ, 2015b).

In contrast to the situation for downstream proces-
sing, data are relatively sparse on toxic air pollutant
impacts of upstream activities. Benzene, which would
be expected to be emitted with other VOCs in upstream
operations, has been measured in a limited number of
regions, such as the Barnett Shale and Eagle Ford Shale
production regions (TCEQ, 2015c). In general, benzene
concentrations measured in production regions have
been lower than those observed in regions near refi-
neries. Monthly average concentrations for July 2015
observed at Eagle Mountain Lake in the Barnett Shale
production region were 0.04 ppbv, lower than the 0.15
ppbv observed for the same month at the Houston
Clinton Drive site, and equal to the concentrations
observed at an urban Dallas site (Hinton) (TCEQ,
2015b,c).

Other measurements have focused on detailed spe-
ciation of organic compounds in air samples collected
near production sites. Some of these samples have

included species such as formaldehyde, chloroform,
carbon tetrachloride, and other halogenated organics
(Olaguer, 2012; Rich et al., 2013). Species such as for-
maldehyde may be associated with engine emissions
(Olaguer, 2012); however, chlorinated organics (Rich
et al., 2013) are not typical components of oil and
natural gas or their combustion products, and their
origin is unclear. Hypotheses include fracturing fluid
constituents or the reaction products that may occur as
fracturing fluids interact with reservoir fluids and sur-
faces at the elevated temperatures and pressures experi-
enced downhole (Allen, 2014a). These reaction
products may be vented during processes such as well
completion flowbacks. Overall, our understanding of
the issue of toxic air pollutants associated with petro-
leum and natural gas production is limited.

Ozone formation and regional air quality

Emissions associated with oil and gas supply chains can
have direct effects on regional air quality; however,
these impacts vary by region. Multiple contrasting
case studies illustrate the range of impacts that can
occur. In the Eagle Ford Shale in South Texas, and in
the Haynesville Shale in East Texas, emissions of nitro-
gen oxides react with relatively large emissions of bio-
genic hydrocarbons in the region to produce ozone that
impacts downwind metropolitan regions (Pacsi et al.,
2015; Kemball-Cook et al., 2010). In contrast, emissions
in the Barnett Shale in North Central Texas occur in a
region in which the background reactivity of the atmo-
sphere is relatively low. Direct emissions from oil and
gas operations in this region produce relatively low
quantities of ozone (Pacsi et al., 2013).

Ozone formation due to oil and gas emissions in the
Eagle Ford, Haynesville, and Barnett shales, although
quite different, are not surprising. In contrast, winter-
time ozone formation observed in some Rocky
Mountain oil and gas production regions has been
more difficult to understand. In the Upper Green
River Basin in Wyoming, wintertime ozone formation,
with ground-level concentrations reaching 140 ppb, at
temperatures below −10 °C, has been observed (Schnell
et al., 2009). Similar episodes have been observed in the
Uintah Basin in Utah (Oltmans et al., 2014). These
ozone events have been ascribed to snow cover, very
low mixing heights, and much higher VOCs to NOx

ratios than are commonly associated with summertime
ozone formation (Schnell et al., 2009; Edwards et al.,
2014; Helmig et al., 2014). Radical formation has been
attributed to carbonyl photolysis (Edwards et al., 2014),
and the reactivity of alkenes and aromatics has been
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identified as a key contributor to ozone formation,
despite their relatively low abundance in the emissions
(Carter and Seinfeld, 2011).

Life cycle impacts

Changes in the energy supply infrastructure in the
United States have changed patterns of energy use.
Among the largest changes over the past decade has
been the displacement of coal-fired electricity genera-
tion with natural gas–fired electricity generation. As
shown in Figure 12, between 2003 and 2013, electricity
generated in the United States from coal and oil
decreased by 400,000 and 90,000 MWhr, respectively,
whereas electricity generated from natural gas and
renewables increased by 475,000 and 170,000 MWhr,
respectively (EIA, 2015e).

These transformations in fuel use for electricity gen-
eration also have impacts on emissions and air quality,
but the overall impacts can be complex, as will be
illustrated with two case studies from Texas. In the
Texas electrical grid, operated by the Electricity
Reliability Council of Texas (ERCOT), coal-based gen-
eration decreased from 37% of generation in 2008 to
24% in 2014 (ERCOT, 2009, 2015). In ERCOT, natural
gas–fired units generally have lower air pollutant emis-
sions per kilowatt hour of generation, relative to the
coal plants, so when lower natural gas prices drive shifts
from coal-based generation to natural gas–based gen-
eration, emissions of NOx, particulate matter (PM),
sulfur oxides (SOx), and carbon dioxide decrease
(Alhajeri et al., 2011). Pacsi et al. (2013, 2015) have
modeled the electricity generation shifts, from coal to
natural gas, that would be expected in ERCOT as nat-
ural gas prices change from $7.74 per million BTU (a
representative price from 2006 to 2008), to $3.87 per
million BTU, $2.88 per million BTU (an average price
in late 2012) and $1.89 per million BTU (the price in
late 2015, and a price equivalent to coal on an energy

basis). Changes in emissions of NOx, VOCs, CO, SOx,
and PM from these changes in electricity generation
were estimated and compared with emissions due to
added natural gas production in the Barnett Shale and
Eagle Ford natural gas production regions that would
be required to fuel the switch from coal to natural gas.
As a result of these changes, emissions increase locally
in the natural gas production areas as natural gas pro-
duction increases; emissions decrease from the coal-
fired power plants that are not utilized as extensively,
but increase at natural gas–fired power plants that are
used more extensively. Overall emissions throughout
the ERCOT region decrease, but because the emission
decreases and increases occur in different locations, the
overall impact on air quality is complex. Figures 13 and
14 illustrate patterns of changes in ozone concentra-
tions and electricity generation. As coal-fired power
generation decreases, emission reductions are predicted
to occur primarily at large coal-fired power plants in
northeast Texas. The reduced NOx emissions from
these sources lead to significant reductions in ozone
concentrations in northeast Texas and downwind
regions, because the high emissions of biogenic hydro-
carbons in the region create conditions that are con-
ducive to ozone formation. Similarly, the emissions of
NOx from oil and natural gas production in the Eagle
Ford lead to increased ozone concentrations in south
Texas, as this region also has high emissions of biogenic
hydrocarbons. In contrast, the emissions from oil and
gas production in the Barnett Shale lead to small
changes in ozone formation. Emissions of biogenic
hydrocarbons in the region are low; other reactive
hydrocarbons from the Dallas and Fort Worth metro-
politan areas located close to or within the Barnett
Shale have generally already reacted before they
encounter the NOx emissions from the oil and gas
production activities, and the reactivity of the VOC
emissions emitted by the oil and gas production activ-
ities is generally low.

Figure 12. U.S. electricity generation, by primary fuel type (EIA, 2015e).
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These contrasting case studies of the Barnett and
Eagle Ford shales suggest that the full supply chain air
quality impacts of natural gas production and electri-
city generation will be location dependent. In Texas,
the switch from coal- to natural gas–fired electricity
generation leads to relatively large air quality

improvements in some areas because the emission
reductions from coal-fired electricity generation occur
in regions with conditions that are conducive to ozone
formation. Ozone concentrations increase in some oil
and gas production regions, but not others, because the
reactivity of the hydrocarbons present in the

Figure 13. (a) Decreases in summer month average daily maximum 8-hr ozone concentration due to shifting of electricity
generation from coal- to natural gas–fired units, based on a natural gas price change from $7.74 per million BTU to $2.88 per
million BTU; the shift from coal- to natural gas–fired generation lowers NOx emissions, lowering ozone concentration. (b) Increases in
summer month average daily maximum 8-hr ozone concentration due to increases in Eagle Ford production sufficient to supply the
natural gas for the increased natural gas consumption in electricity generation.

Figure 14. (a) Locations of coal-fired and natural gas–fired power generation, relative to oil and gas production regions in Texas; (b)
distribution of electricity generation at high natural gas prices (sizes of dots representing power plants is proportional to extent of
generation); (c) distribution of electricity generation at low natural gas prices (sizes of dots proportional to extent of generation)
(Pacsi et al., 2013, 2015).
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atmosphere in the different production regions is very
different.

Other complex changes in air quality, due to
changes in patterns of utilization of the production
from oil and natural gas fields, are possible. For
example, increased availability of and low price of
NGPLs are changing the feedstocks used in chemical
manufacturing from petroleum products (naphthas)
to NGPLs (DeRosa and Allen, 2015). This can also
influence the magnitude and spatial and temporal
patterns of emissions.

Emission management and control

A variety of voluntary and mandatory mitigation
efforts at both state and federal levels have either
occurred or are underway to reduce the emissions
described in this review (Code of Federal Regulations
[CFR], 2012). For methane emissions, the Natural Gas
Star program (EPA 2015e) has resulted in the docu-
mentation of a number of approaches to reducing
methane and VOC emissions. To cite just one exam-
ple, for liquid unloadings (a source category that has
been used as a case study multiple times in this
review), advanced plunger lift control algorithms
have been used to reduce venting (EPA, 2015f).
Other mitigation strategies, based on experiences in
the Natural Gas Star and other programs, have been
summarized by the EPA in a series of white papers on
emissions and mitigation strategies (EPA, 2015f).
White papers for liquid unloadings, compressors,
leaks, well completions, and pneumatic controllers
are available. Many of these emission reduction stra-
tegies may be cost neutral, with the value of the
recovered gas equaling or exceeding the cost of con-
trol. As shown in Table 8, ICF International, with
support from Environmental Defense Fund, analyzed
a variety of methane mitigation strategies for the nat-
ural gas supply chain and reported both the magni-
tude of the potential emission reductions and either
the costs or the saving that could be achieved based
on sale of recovered product (ICF International, 2014).

Most of the approaches summarized in Table 8
involve replacement or repair of equipment. Changes
in operating practices are also possible strategies for
emission reduction. As just one example, for industrial
process flares (a source category that has used as a case
study multiple times in this review), training materials
have been developed for operators of industrial flares
that define practices for achieving both high combus-
tion efficiencies and low smoke formation (University
of Texas Center for Energy and Environmental
Resources [UT CEER], 2016).

Finally, some mitigation approaches will require
new technologies. For example, strategies for reducing
the prevalence of super-emitters will rely on technol-
ogies for rapidly finding super-emitting sites and
equipment. To address this need, the Advanced
Research Projects Agency—Energy (ARPA-E) in
2015 launched the MONITOR program in which
more than 10 teams of investigators are developing
sensors or sensing systems capable of rapidly detecting
and locating sources of methane emissions (ARPA-E,
2015). Other relatively new technologies include infra-
red cameras for sensing emissions and vehicle-
mounted methane sensing for detecting high-emitting
sites (Brandtley et al., 2015).

Summary and recommendations

National emission inventories indicate that VOC and
NOx emissions from oil and gas supply chains in the
United States have been increasing significantly; how-
ever, national emission inventories for greenhouse
gases have seen slight declines over the past decade.
These emission inventory estimates are based on
national scale counts of equipment and operational
activities (activity factors), multiplied by average emis-
sion factors, and therefore these trends are subject to
uncertainties in activity and emission factors. Although
uncertainties associated with activity data and missing
emission source types can be significant in some situa-
tions, multiple recent measurement studies indicate
that the greatest uncertainties are associated with emis-
sion factors. In many source categories, small groups of
devices or sites contribute a large fraction of emissions.
Collectively, these sources have been referred to as
“super-emitters.” When super-emitters are accounted
for, multiple measurement approaches, at multiple
scales, produce similar results for estimated emissions.
Moving forward, it may be necessary to move away
from single emission factors for source categories in
the oil and gas supply chain (see eq 1) and to utilize
separate emission factors (and activity counts) for
super-emitters. Emission could then be estimated
using the approach shown in eq 2:

EFi;super�emitter � f � AFi; þ EFi;non�super�emitter

� 1� fð Þ � AFi;
¼ ERi (2)

where EFi, super-emitter is the emission factor for
super-emitters in region I; EFi, non-super-emitter is the
emission factor for non-super-emitters in region I;
AFi is activity factor for region I; f is the fraction of
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the activity factor attributed to super-emitters; and ERi

is the resulting emission rate total for region i.
Because super-emitters can be relatively small percen-

tages of sources, accurately characterizing the fraction of
super-emitters in the population (f) and the average emis-
sion rate for the super-emitters may necessitate large
sampling programs to determine emission factors.

Challenges moving forward will be understanding the
causes of super-emitters and reducing their emission
magnitudes. Work done to date suggests that both equip-
ment malfunction and operational practices can be
important. As improved emission estimates, accounting
for super-emitters, are being developed, ongoing top-
down measurement studies will continue to be important
in evaluating the performance of existing inventories.

Other key information gaps include the limited
information on air toxics emissions associated with oil
and gas operations, and the limited amount of emission
data available for oil and gas supply chains outside of
the United States.

Finally, although most of this review has focused on
emissions from energy supply infrastructures, the regio-
nal air quality implications of some coupled energy pro-
duction and use scenarios have been examined. These
case studies suggest that both energy production and use
should be considered in assessing air quality implications
of changes in energy infrastructures, and that impacts are
likely to vary among regions.
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Emission Reduction
Method
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Cost Per Thousand Cubic
Feet of Methane Reduced

Kimary pump to
electric pump

5.8 ($4.05)

Centrifugal
compressor wet
seal gas capture

19.1 ($3.07)

Compressor station
leak detection and
repair

1.5 ($3.03)

High bleed
pneumatics—low
bleed

25.4 ($2.65)

Reciprocating
compressors leak
detection and
repair

32.3 ($0.33)

Condensate tank
vapor control unit

0.4 $0.21

Stranded gas venting
to flares

8.2 $0.30

Oil tank vapor control
unit

5.5 $0.33

Pipeline venting to
pump down

4.2 $0.53

Chemical injection
pumps to solar
pumps

4.8 $0.57

Uncontrolled liquid
unloading to
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Transmission station
venting to gas
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Oil well completion
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Transmission
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compressors

3.6 $6.11

Meter and regulator
leak detection and
repair
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Total 162.9 $0.66

Notes: The middle column provides estimates of the magnitude of emission
reductions possible; the right hand column gives an indication of the
estimated cost per thousand cubic feet of gas emissions reduced.
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